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Abstract
A numerical investigation has been carried out for the coupled thermal
boundary layers on both sides of a partition placed in an isosceles triangular
enclosure along its middle symmetric line. The working uid is considered as
air which is initially quiescent. A sudden temperature dierence between two
zones of the enclosure has been imposed to trigger the natural convection.
It is anticipated from the numerical simulations that the coupled thermal
boundary layers development adjacent to the partition undergoes three dis-
tinct stages; namely an initial stage, a transitional stage and a steady state
stage. Time dependent features of the coupled thermal boundary layers as
well as the overall natural convection ow in the partitioned enclosure have
been discussed and compared with the non-partitioned enclosure. Moreover,
heat transfer as a form of local and overall average Nusselt number through
the coupled thermal boundary layers and the inclined walls is also examined.
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Nomenclature
A aspect ratio
g acceleration due to gravity
H height of the enclosure
l length of the enclosure
NuL local Nusselt number
Nu overall Nusselt number
P dimensional pressure
p dimensionless pressure
Pr Prandtl number
Ra Rayleigh Number
t dimensional time
T dimensional temperature of the uid
Tc; Th dimensional temperatures of the cold and hot inclined walls
T dimensional temperature dierence between the hot and cold inclined walls
u; v dimensionless velocities in the x- and y- direction respectively
U; V dimensional velocities in the X- and Y - direction respectively
x; y dimensionless Cartesian coordinates
X; Y dimensional Cartesian coordinates
Greek letters
 thermal expansion coecient
T thickness of the thermal boundary layer
 thermal diusivity
 density of the uid
 kinematic viscosity
 dimensionless temperature
 dimensionless time
s dimensionless steady state time
 dimensionless time step
1. Introduction
Natural convection in enclosures is a topic of considerable interest for the
engineers. This is applicable to many situations in nature and engineering,
e.g. thermal design of buildings, to cryogenic storage, solar collector design,
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nuclear reactor design, and others. There exists several excellent reviews
[1, 2] in the literature. Most of the studies devoted to an enclosure with no
partitions. However, there have been several studies on the eect of vertical
partition in the rectangular enclosure in suppressing natural convection, in-
cluding the case of a porous medium [3{10]. This problem is of fundamental
importance for a variety of reasons. For engineers who deal with insulation
in the building, it is important for them to know the net heat transfer rate
across solid walls and windows separating a warm room from a colder en-
vironment or vice versa. Moreover, from the point of view of fundamental
research in heat transfer and uid mechanics, it is also important to under-
stand the interaction of two convective systems coupled across a partially
conducting wall. Previous studies have shown that for a laminar ow regime
even though the partition is perfectly conducting, it depresses natural con-
vection in the cavity in comparison with that in a non-partitioned cavity and
thus heat transfer through the cavity is signicantly reduced [11{14].
Some other studies which considered the natural convection in rectangu-
lar enclosures with multiple vertical partitions [14{16] are also available in
the literature. The eect of multiple thin partitions has been investigated
both experimentally and numerically by Nishimura et al. [14]. The exper-
iments were performed in enclosures with aspect ratios, A = 4 and 10, for
the range 106  Ra  108 and the range of partitions 1  N  4. The
authors concluded that the average Nusselt number is inversely proportional
to (1+N). Anderson and Bejan [15] calculated the rates of heat transfer for
double partitions which were placed in the middle of an enclosure. Their re-
sults showed that the heat transfer rate for double partitions is 20% less than
that for a single partition. Jones [16] demonstrated numerical results consid-
ering laminar buoyancy driven ows in rectangular enclosures with multiple
partitions. It is revealed from their studies that the eect of dividing the
enclosure into six cells reduces the heat transfer rate by a factor of 6.
In addition to the rectangular or square cavity the attention has also been
given to the triangular enclosure [17{21] recently for its various engineering
applications. An extensive review of natural convection in the triangular
cavity is reported in [22]. The main application is the uid ow and heat
transfer in the attic space. Heat transfer through an attic space into or out
of buildings is seen as an important study for attic shaped houses in both
hot and cold climates. One of the key objectives for design and construction
of houses is to provide thermal comfort for occupants. In the present energy-
conscious society, it is also a requirement for houses to be energy ecient,
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i.e. the energy consumption for heating or air-conditioning houses must be
minimized.
The studies related to attic space have been mostly devoted to two types
of boundary conditions; day time or summer time condition [18, 20], where
the top inclined surfaces are heated and the horizontal bottom surface is
cooled or adiabatic and night time or winter time condition [17, 21], where
the upper inclined surfaces are cooled and the bottom surface is heated or
adiabatic. However, a realistic diurnal temperature condition was also con-
sidered by Saha et al. [19]. It was found that the heat transfer through
the inclined walls are weaker during the day or summer time condition and
stronger during at night or winter time. The reason for strong heat transfer
is the formation of convecting plumes which are generated adjacent to both
inclined walls and the horizontal wall. Natural convection due to dierential
heating of two inclined walls of an attic space is conducted by Flack et al.
[23] and Karyakin et al. [24]. They investigated for quite a large values of
Grashof number (Gr = Ra/Pr). The range of Gr considered by Flack et al.
[23] for their experimental study was 2:9  106 < Gr < 9:0  106 and the
range of Gr considered by Karyakin et al. [24] for their numerical study was
103 < Gr < 108 where they assumed that the ow is laminar.
The issue of heat transfer through the top surfaces of the attic spaces is the
main concern of building a house to give thermal comfort to the occupants.
To the best of the authors' knowledge there exists no study on partition
triangular cavities to suppress of heat transfer through the inclined walls.
The lack of such investigation has motivated the current study to compare
the heat transfer phenomena for partitioned and non-partitioned triangular
enclosures. The obtained results could help the builders for their insulation
system in the attic shaped houses. The emphasis has been given to the
transient process of natural convection resulting from a suddenly generated
temperature dierence between the uids on the two sides of a conducting
partition which has been placed along the geometric centre line of the enclo-
sure. The impact of the partition on transient heat transfer is also discussed
in this study.
2. Problem formulation
Under consideration is a triangular cavity of height H, half length of the
base l, containing a Newtonian uid, air, which is initially at quiescent. A
partition is placed along the geometric centre line of the enclosure. Two
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interiors of both sides of the partition together with adjacent inclined walls
receive dierent temperature with the left side receiving cold and the right
side receiving hot temperature after time  = 0. In order to avoid the
singularities at the tips in the numerical simulation, the tips are cut o by 5%
and at the cutting points (refer to Fig. 1) rigid non-slip and adiabatic vertical
walls (height = H=20) are assumed. The bottom surface is also considered
as adiabatic and rigid non-slip. We anticipate that this modication of the
geometry will not alter the overall ow development signicantly. The origin
of the coordinate is the intersection point of the partition and the bottom
surface.
The development of natural convection inside an attic space is governed
by the following two-dimensional Navier-Stokes and energy equations with
the Boussinesq approximation:
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where U and V are the velocity components alongX  and Y  directions,
t is the time, P is the presure, ; ;  and  are kinematic viscosity, density of
the uid, coecient of thermal expansion and thermal diusivity respectively,
g is the acceleration due to gravity and T is the temperature.
To normalize equations (1) - (4), the following set of transformations is
used [18].
x =
X
H
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Y
H
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
; v =
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
;  =
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The normalized form of equations (1) - (4) takes the form as
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where the Rayleigh number, the Prandtl number, and the aspect ratio
are dened respectively as
Ra =
gTH3

; Pr =


; and A =
H
l
: (10)
Note that in this study the working uid is air with a xed Prandtl
number of Pr = 0:72; the aspect ratio of the enclosure is A = 0:5; and the
Rayleigh number also is xed at Ra = 108, and laminar ow is assumed (as in
[23, 24]). As shown in Fig. 1, the bottom surface of the enclosure is adiabatic;
the two inclined surfaces are isothermal and xed at Tc and Th respectively;
the partition of a zero thickness is vertically placed in the geometric centreline
of the enclosure and is diathermal for which only horizontal heat transfer is
considered (refer to [6, 15]) and all three surfaces and the partition are rigid
and no-slip. The working uid is initially at quiescent. At  = 0, the non-
dimensional temperature of the uid on the left side of the partition is  = 0,
and that on the right side of the partition is  = 1. The detailed initial and
boundary conditions for the cases considered here are shown in the Table 1.
3. Numerical scheme and grid and time step dependence tests
Equations (1) - (4) are solved along with the initial and boundary con-
ditions using the simple scheme with the help of cfd software fluent
6.3. The nite volume method has been chosen to discretize the govern-
ing equations, with the quick scheme (see Leonard and Mokhtari [25]) ap-
proximating the advection term. The diusion terms are discretized us-
ing central-dierencing with second order accuracy. A second order implicit
time-marching scheme has also been used for the unsteady term. The un-
der relaxation factors for all simulations are chosen as 0.3 for pressure, 1 for
density, 1 for body force, 0.7 for momentum and 1 for energy. The maxumin
interation per time step was chosen as 200. However, the solutions converge
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within less than 100 iterations. The absolute criteria for residual are 10 4
for continuity and momentum and 10 6 for energy equations.
Two non-uniform grid sizes, 200100 and 300150 with coarser grids in
the core and ner grids concentrated in the proximity of all wall and partition
boundaries were constructed for grid dependence tests. A schematic of grid
distribution has been shown in Fig. 2(a). Fig. 2(b) plots time series of the
temperatures at the point ( 0:01; 0:5) in the middle of the thermal boundary
layer on the left side of the partition calculated using the two grid systems.
Clearly, two solutions almost overlapped. This means that either grid system
is able to resolve the transient natural convection in the partitioned cavity
and characterize the details of the boundary layers adjacent to the partition
and other walls for the present Rayleigh number. With a view to saving
computing time, the grid system of 200 100 is adopted in this study. The
computer used for numerical simulation is Intel(R) Core(TM)2 Quad CQU
Q8400 @ 2.66GHz 2.67 GHz with RAM 4.00GB and 64 bit operating system.
All simulations were conducted up to  = 2:25  10 3. The maximum real
computing time was about 2:5 hours to complete one simulation.
Two time steps of 2:2510 7 (for 200100 grid) and 1:7010 7 (for 300
150 grid) are tested to examine the eect of the time step. The numerical
results obtained using the two time steps are also plotted in Fig. 2. Evidently,
the development of the ow is not sensitive to the two tested time steps,
with either choice being satisfactory. Accordingly, the larger time step of
2:25 10 7 and coarser 200 100 grid are considered to be suciently small
to capture the global transient features of the ow development and are
adopted here. The maximum Courant number value for the simulations is
1.05.
4. Results and discussions
The transient features of the natural convection ow including the devel-
opments of the coupled (cold and hot) thermal boundary layers and intrusions
are characterized in the following sections. Furthermore, the heat transfer
through the partition and the inclined walls are compared and examined
for the eect of the partition on heat transfer for three cases. All initial
and boundary conditions of temperature are listed in Table 1. One case is
an isosceles triangular enclosure without a partition in which the boundary
conditions on the top and bottom are identical to those for the partitioned
case. The other two cases are the right angled triangles of right face and
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left face which are the half of the domain of isosceles triangle. For the right
face right angled triangle the inclined wall is heated and the vertical wall is
cooled where the bottom surface is adiabatic. On the other hand, for the left
face right angled triangle the top inclined wall is cooled, the vertical wall is
heated and the bottom surface is adiabatic. The impact of the partition on
the ow and heat transfer in an enclosure can be quantied by comparing
the results for partitioned and non-partitioned triangular enclosure. The two
right angled triangular enclosures have been considered for the simplicity of
analysis and clarity of results.
4.1. Transient ow development
The time developments of the temperature at the point ( 0:01; 0:5) has
been depicted in Fig. 2(b). This gure demonstrates the overall development
of natural convection from a suddenly generated temperature dierence be-
tween the uids on the two sides of the partition to a steady state. As shown
in Fig. 2(b), the ow development can be classied into three main stages:
an initial stage, a transitional stage and a steady state stage. At the early
stage the conduction dominates the heat transfer and the uid ow. When
the conduction term in the energy equation balances with convection term,
the scaling of that time was given by Saha et al. [17, 18] as
s =
(1 + Pr)(1 + A2)1=2
A(RaPr)1=2
(11)
It is noted that the temperature growth does not cease immediately after
s, time for convection to balance conduction. The ow undergoes several
overshoots and undershoots during the transitional stage. A second group of
waves may also be seen. From the boundary layer, the thermal ows of both
sides of the partition discharge uid into the core of the enclosure. At the
end, the uid inside the enclosure becomes steady state with time. The time
evolution of two isotherms ( = 0:1 and 0:9) on both sides of the partition
has been shown in Fig. 3. It is seen that the isotherms are shifting horizon-
tally which means the thickness of the coupled thermal boundary layers also
increases with time. Saha et al. [17, 18] and others have pointed out that
the thickness of the thermal boundary layer adjacent to an isothermal wall
(either vertical or inclined) grows with time according to the scaling relation
T  t1=21=2. Now, on the right side of the partition the cold uid from the
boundary layer has no choice but to travel down along the right horizontal
intrusion. Eventually the uid from the intrusion layer discharges into the
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core of the enclosure. On the other hand the hot uid of the boundary layer
of the left side of the partition moves up to the top tip and starts travel-
ling along the left inclined wall. This uid from the boundary layer also
discharges into the core of the enclosure.
4.2. Eect of aspect ratio
Further transient features of the coupled thermal boundary layers are
seen in Fig. 4 which shows comparisons between the time series of the tem-
peratures at the specied point in the middle thermal boundary layers for
the partitioned case and the vertical thermal boundary layers for the right
angled triangular cases. It is noted that for the purpose of comparing dif-
ferent thermal boundary layers for all the cases, the temperature growths
in the thermal boundary layers with reference to the initial interior uid
temperatures are plotted in this gure. Clearly, the temperature growth in
the thermal boundary layer adjacent to the partition is consistent with that
adjacent to the isothermal vertical wall for the right angled triangular en-
closure case except for some variations after the rst overshoot (Fig. 4a) or
undershoot (Fig. 4b). This is because the initial temperature dierence be-
tween the partition and the uid is the same as that between the vertical wall
and the uid for the right angled triangular enclosure case and in the initial
stage, the partition is approximately isothermal. This is also conrmed by
the following numerical results.
Figure 5 shows the development of the temperature structure within the
coupled thermal boundary layers. It is seen from Fig. 5 that the vertical
temperature proles on the partition change from an initially isothermal to
an approximately linear vertical distribution between y = 0:14 and y = 0:86
at the steady state (e.g.  = 1:00  10 3). In the initial stage there is a
temperature dierence between the same partition segment and the uid on
the left side of the partition similar to that between the vertical wall and the
uid for the right angled triangular enclosure case. The temperature growth
in the thermal boundary layer adjacent to the middle of partition height in
the initial stage is also similar to that adjacent to the vertical wall in the
right angled triangular enclosure case (see Fig. 4). As the bottom surface
is adiabatic the temperature of its neighbouring cells responses slowly with
time. Because the top end of the partition is in the middle position of the two
inclined walls of dierent temperatures, all temperature contours of dierent
times meet at the initial temperature of the partition on its top.
9
4.3. Eect of Rayleigh number
Even though the partition placed in the geometric symmetric line, the ow
may not be symmetrical on two sides of the partition. This is because the top
walls are inclined and isothermal whereas the bottom surface is horizontal
and adiabatic. This asymmetrical ow behaviour can be seen in Fig. 6 and 7.
Fig. 6(a) and (b) show the temperature contours and streamlines respectively
at  = 2:2510 5. The isotherms on the left side of the partition move up to
the top inclined wall and have no choice but to travel along the cold inclined
wall. On the other hand, the isotherms on the right side of the partition
travel down and then along the horizontal adiabatic bottom surface.
The asymmetric ow behaviour can also be seen in Fig. 7. Fig. 7 shows
the time evolotion of the temperatures at two centrosymmetric points of
three dierent locations adjacent to the partition wall. In Fig. 7(b) the
top solid line is the temperature time series which has been recorded at
(0:01; 0:5) and the bottom line is recorded at ( 0:01; 0:5). This is the middle
position of the vertical partition. Initially the ow seems symmetric (up to
approximately  = 2:25  10 5), however it shows asymmetric behaviour
afterwards. Fig. 7(a) represents temperature at locations (0:01; 0:85) and
( 0:01; 0:85) (near top tip) and Fig. 7(c) represents temperature at locations
(0:01; 0:15) and ( 0:01; 0:15) (near bottom walls). The asymetric behaviour
is clearly visible in these two gures due to dierent buoyancy eect at two
centrosymmetric positions.
4.4. Heat transfer
From the literature review it is found that for a laminar ow regime, a
vertical partition in a dierentially heated cavity apparently depresses heat
transfer through the cavity [15]. In this section, the eects of the partition
on transient heat transfer are examined. Both the local and the overall
Nusselt numbers are calculated on both partition and the inclined walls for
the partition enclosure and inclined walls of the non-partitioned isosceles
triangular enclosure. Heat transfer is also calculated of the inclined and
vertical surfaces of the right angled triangular enclosures. We know from the
denition that the Nusselt number represents the ratio of convective heat
transfer rate over conductive heat transfer rate. For the present investigation,
heat is ultimately transferred from one inclined wall to the other and also
from one zone to another through the partition for the partition geometry.
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The local and the overall Nusselt numbers have been dened as follows:
NuL =
1
A
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@n
and Nu =
1
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Z H
0
@T
@n
dy: (12)
The eect of the partition on heat transfer through the triangular enclo-
sure has been quantied and is shown in Fig 8. Fig. 8(a) shows the time
series of the overall Nusselt numbers calculated on the partition and inclined
walls for the partitioned enclosure and Fig. 8(b) shows the overall Nusselt
number for both inclined surfaces for the partitioned enclosure and the in-
clined surfaces of the right angled triangular enclosures. For the partitioned
case, even though the temperature dierence between the uid and isother-
mal inclined wall at the initial stage is zero, the temperature dierence near
the top tip increases signicantly initially and this inuences the overall heat
transfer on the surfaces. Initially the heat transfer through the inclined walls
of the partitioned and right angled triangular enclosures is the same. How-
ever, as time increases the calculated overall Nusselt number on the inclined
surface of the partitioned enclosure increases more than that for the right
angled triangular enclosure. This is expected, because the vertical wall of
the right triangular enclosure is isothermal whereas the partition is diather-
mal. Moreover, the total temperature dierence of two enclosures is not the
same. At the steady state stage the Nusselt numbers on two inclined walls of
the partitioned enclosure becomes identical because of the mass conservation
law.
Figure 9 shows the proles of the local Nusselt numbers at the steady
state on the partition and two inclined walls of the partitioned triangular
enclosure case. It is clear that the local Nusselt number on the inclined walls
is non-uniform and in the upstream section of the walls, it is much larger than
that in the downstream section due to the formation of the stratication in
the core of the enclosure. However, the local Nusselt number on the partition
is approximately constant but not so at two ends of the partition. The heat
transfer through the middle height of partition does not vary with the height
except for in the closeness to the top tip and the bottom wall. That means
the partition is approximately isoux at the steady state even though the
inclined walls are isotherm which is an interesting phenomena at the steady
state condition of the ow.
Time series of the overall Nusselt number which are calculated on the
inclined walls of the partitioned and non-partitioned triangular enclosure
have been presented in Fig. 10. It is noticed that the Nusselt number on the
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left inclined cold wall (Fig. 10a) of the non-partitioned enclosure is higher
at the transitional stage. However, the opposite scenario can be seen in the
right heated wall (see Fig. 10b).
It is interesting to note that for the present Rayleigh number the average
heat transfer through the left inclined wall is reduced by 64.44% and through
the right wall by 61.67% if a single partition is placed along the middle
vertical line of the isosceles triangular enclosure. This calculation is based
at the time when the ow is steady state. The rate is much higher than this
during the initial stage and the transitional stage of the ow development.
5. Conclusions
The coupled thermal boundary layers between the uids of two zones in an
isosceles triangular enclosure separated by a partition induced by suddenly
generated temperature dierence between the uid zones are investigated
numerically. It is revealed that the development of the transient boundary
layers adjacent to the partition are classied into three distinct stages; an
initial stage, a transitional stage and a steady state stage. As soon as the u-
ids of two dierent temperatures reach the diathermal partition the coupled
thermal boundary layers near both sides of the partition start to grow. When
the conduction and convection terms in the energy equation are balanced the
ow enters into the transitional stage. The thermal uids discharged from
the downstream ends of the coupled thermal boundary layers continuously
ll each half of the partitioned cavity from transition stage to the steady
state stage. As time progress another thermal boundary layer forms adja-
cent to the inclined wall. On a close observation of the ow phenomena in
the transient process, it may be concluded that the temperature distribution
on the partition enclosed by the coupled thermal boundary layers changes
from an initially isothermal to an approximately linear prole at the steady
state. As a result, an isoux condition is set up along the middle portion
of partition in the steady state stage. It is found from the numerical simu-
lations that the heat transfer through the coupled thermal boundary layers
is noticeably higher than that through the corresponding thermal boundary
layer adjacent to an isothermal inclined wall. Moreover, it was found that
for the present Rayleigh number the average heat transfer through the left
inclined wall is reduced by approximately 64.44% and that through the right
wall by approximately 61.67% if a single partition is considered along the
middle vertical line of the triangular enclosure at the steady state stage. The
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rate is found to be much higher than this during the initial and the tran-
sitional stage of the ow development. Multiple partitions are expected to
reduce the rate further and this will be studied next. The optimisation of
the heat transfer through the walls will be carried out in our future studies.
It is expected that these results will help the builder to reconsider and rene
their insulation process of the attic shaped building.
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Figure Captions:
Fig. 1. Schematic of the computational domains and boundary conditions.
Fig. 2. (a) Sample mesh: along two small vertical walls (cutt o tips)
uniform mesh is distributed and all other walls, including partition, a non-
uniform mesh distributed with a growth factor of 0.01 (b) Time developments
of the temperatures at the point ( 0:01; 0:5) in the middle of developed ther-
mal boundary layer on the left side of the partition calculated using dierent
meshes and time steps.
Fig. 3. Growth of the thermal boundary layers shown as isotherms  = 0:1
and  = 0:9 at dierent times.
Fig. 4. Comparison of the temperature (a) in the partitioned enclosure and
in the left faces right angled triangular enclosure at ( 0:01; 0:5) and (b) in
the partitioned enclosure and in the right faces right angled triangular en-
closure at (0:01; 0:5).
Fig. 5. Vertical temperature proles in the coupled thermal boundary layers
at dierent times.
Fig. 6. Intrusion in the partitioned cavity. (a) Isotherms (b) Streamlines
on both sides of the partition at  = 2:25 10 5.
Fig. 7. Time development of the temperatures at two centrosymmetric
points of three dierent locations close to the partition, (a) (0:01; 0:85) and
( 0:01; 0:85) (b) (0:01; 0:5) and ( 0:01; 0:5) and (c)(0:01; 0:15) and ( 0:01; 0:15).
Fig. 8. Time development of overall Nusselt number calculated on both in-
clined surfaces and on the partition.
Fig. 9. Proles of the local Nusselt numbers on the partition and two adja-
cent inclined walls.
Fig. 10. Time development of overall Nusselt number calculated on (a) left
inclined walls , (b) right inclined walls of the partitioned and non-partitioned
enclosure.
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 Table 1 
Initial and boundary conditions for the temperature for all cases. 
Initial fluid temperature 
Boundary temperatures 
Left 
inclined 
wall 
Right 
inclined 
wall 
Bottom 
wall 
Partitioned 
enclosure 
q = 0 on left fluid zone, q = 1 on right fluid 
zone, q = 0.5 on partition  
q = 0 q = 1 ¶q/¶y = 0 
Non-partitioned 
enclosure 
q = 0.5 q = 0 q = 1 ¶q/¶y = 0 
Right angled 
triangle (left) q = 0  q = 0 
q = 0.5 
(Vertical 
wall) 
¶q/¶y = 0 
Right angled 
triangle (right) q = 1 
q = 0.5 
(Vertical 
wall) 
q = 1 ¶q/¶y = 0 
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Figure 2: Saha et al. Int. J. Heat Mass Trans.
Figure 3: Saha et al. Int. J. Heat Mass Trans.
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Figure 4: Saha et al. Int. J. Heat Mass Trans.
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Figure 5: Saha et al. Int. J. Heat Mass Trans.
Figure 6: Saha et al. Int. J. Heat Mass Trans.
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Figure 7: Saha et al. Int. J. Heat Mass Trans.
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Figure 10: Saha et al. Int. J. Heat Mass Trans.
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